In this work the results from the quantum process of matter creation have been used in order to constrain the mass of the dark matter particles in an accelerated Cold Dark Matter model (Creation Cold Dark Matter, CCDM). In order to take into account a back reaction effect due to the particle creation phenomenon, it has been assumed a small deviation ε for the scale factor in the matter dominated era of the form t GeV, restricted to a 68.3% c.l. interval of (2.8 < m < 7.7 × 10 7 ) GeV and ε = −0.250
I. INTRODUCTION
The idea of an accelerating universe is indicated by type Ia Supernovae observations [1, 2] , and from a theoretical point of view, a hypothetical exotic component with large negative pressure may drive the evolution in an accelerating manner. This exotic component is usually termed quintessence or dark energy and represents about 70% of the material content of the universe (see [3] for a review). The simplest example of dark energy is a cosmological constant Λ [4] [5] [6] , and recently the 7 year WMAP [7] have indicated no deviation from the standard Λ-Cold Dark Matter (ΛCDM) model.
Nevertheless, recently a new kind of accelerating cosmology with no dark energy has been investigated in the framework of general relativity, called Creation Cold Dark Matter (CCDM) [8] [9] [10] [11] [12] [13] . In this scenario the present accelerating stage of the universe is powered by the negative pressure describing the gravitational particle creation of cold dark matter particles, with no need of a dark energy fluid. Such phenomenological models are constructed by giving a specific form to the creation rate but with no further physical grounds. Here we present a creation rate derived from a quantum mechanical particle creation process for real massive scalar fields and we constrain the mass of the field in order to satisfy the observational data. This way, our model has the advantage to be self consistent from first principles. As far as we know it is the first time that a real quantum process of matter creation is analysed in the context of CCDM model. Our analysis can be seen as a first approximation of the full quantum creation process, as it takes into account the effect of creation into the evolution of the scale factor as a second order effect, which can be understood as a kind of back reaction effect in the expansion.
The nature and origin of the dark matter is still a mystery (see [14, 15] for a review and [16] for a ten-point test that a new particle has to pass in order to be considered a viable dark matter candidate), thus such accelerating cold dark matter models have the advantage of explaining the present stage of acceleration of the Universe and the origin of the dark matter, two of the main challenges of the present cosmology.
The first self-consistent macroscopic formulation of the matter creation process was presented in [17] and formulated in a covariant form in [18] . In comparison to the standard equilibrium equations, the process of creation at the expense of the gravitational field is described by two new ingredients: a balance equation for the particle number density and a negative pressure term in the stress tensor. Such quantities are related to each other in a very definite way by the second law of thermodynamics. In particular, the creation pressure depends on the creation rate and may operate, at level of Einstein's equations, to prevent either a space-time singularity [17, 19] or to generate an early inflationary phase [20] .
The quantum process of particle creation has been studied by several authors [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] after the pioneering work of Parker [31] . An interesting result from Parker's work is that in a radiation dominated universe there is exactly no creation of massless particles, either of zero or non-zero spin, and super-massive particles can not be created in a matter dominated universe. Recently the gravitational fermion production in inflationary cosmology was revisited for both the large and the small mass regimes [32] .
Besides the Parker method to study particle creation by the gravitational field, another method is that of instantaneous Hamiltonian diagonalization [23, 27, 29] , constructed via the metrical stress-energy tensor. Of particular interest in the present method are the works relating the gravitational particle production at the end of the inflation as a possible mechanism to produce super-heavy particles of dark matter [28, 33] . This work is based on the results for particle creation in the Hamiltonian diagonalization method.
In this article we analyse results for the rate of creation of real massive scalar particles needed to accelerate the universe as currently observed, assuming that the particles created are dark matter particles. Based on recent observational data, we constrain the value of the mass of the dark matter particles.
The paper is organized as follows. In Section II it is presented the macroscopic effects of particle creation in CCDM model. In Section III it is presented only the results for real massive scalar particle creation in Friedmann models based on [26] . The general theory of particle creation is briefly presented in the Appendix for sake of generality. The main results are in Section IV where it is constrained the dark matter mass using the results of the previous section into the CCDM model equations of Section II. The conclusions are presented in Section V.
II. MACROSCOPIC EFFECTS OF PARTICLE CREATION
As we said before, the macroscopic effect of particle creation in an expanding universe brings the possibility of an accelerated expansion, depending on the rate of creation of these particles. Let us put this on quantitative grounds.
In a flat, homogeneous and isotropic Friedmann-Robertson-Walker background, the nontrivial Einstein's field equations for a mixture of radiation, baryons and dark matter endowed with dark matter creation and the energy conservation laws for each component can be written as [17, 18] 8πG(ρ rad + ρ bar + ρ dm ) = 3ȧ
where an over-dot means time derivative, ρ rad , ρ bar and ρ dm are the radiation, baryonic and dark matter energy densities, p rad and p c are the radiation and creation pressure and Γ is the dark matter creation rate of the process. The creation pressure p c is defined in terms of the creation rate and other physical quantities. In the case of adiabatic matter creation, it is given by [17] [18] [19] [20] 
where H =ȧ/a is the Hubble parameter. The above expressions show how the matter creation rate, Γ, modifies the evolution of the scale factor as compared to the case with no creation. Conversely, the cosmological dynamics with irreversible matter creation will be defined once the matter creation rate is given. As should be expected, by taking Γ = 0 it reduces to the FRW differential equation governing the evolution of a perfect simple fluid [34] [35] [36] .
III. PARTICLE CREATION IN FRIEDMANN MODELS
The general theory of particle creation from quantum effects in expanding background is developed in details in the books [21] [22] [23] [24] and also in the articles [25, 26, 29] . The main equations are derived in the Appendix.
Let us present here only the results of the above considerations to Friedmann models of the universe, where the scale factor is given by the degree law
where a 0 is a constant and represent the present scale factor of the universe and q = 1/2 stands for radiation and q = 2/3 for matter-type background. We also suppose that t = 0 corresponds to η = 0. The detailed discussion for particle creation of real and complex scalar field, spinor field and vector field is given in [23] for open, closed and flat models. Here we will present only the main results concerning the particle production for massive real scalar fields with conformal coupling ξ = 1/6 in a flat space-time (κ = 0). For the details of such calculations see [26] .
For real models of the universe, the influence of the spatial curvature on the expansion at t ∼ m −1 is still very small. Analytic calculations can be done in two important cases: t << m −1 and t >> m −1 .
Let us consider at first the early epoch t << m −1 , where the gravitational field is strong. For this case the total number density (29) of created particles is
Note that in this first approximation, n does not depend on the scale factor a(t) nor on the index q. Thus, the particle creation proceeds at just such a rate to keep the particle density constant. Now let us consider the epoch t >> m −1 . The total number density of created particles can be split in two components [26] ,
where the dominant contribution n 1 and the next term n 2 in the expansion are given by
where B q are numerical factors obtained by numeric integration dependent on q and
. According to [26, 37] , B 1/2 = 5.3 × 10 −4 and B 2/3 = 4.8 × 10 −4 for radiation and matter backgrounds, respectively.
For the total energy density we have, similarly,
with
and C 2 = 1 48π 2 . Now, if we consider that the real scalar particles created are of dark matter type, using (5) we can find the dark matter creation rate Γ for different stages of the evolution.
IV. CONSTRAINING DARK MATTER MASS
In order to constrain dark matter particle mass for the present time (matter dominated universe), and take into account the possibility of a back reaction effect in the evolution law close to t 2/3 , we study the behaviour of the above equations for a small deviation of the power 2/3, namely we make the ansatz q = 2 3 + ε. Using Eqs. (1) and (11), the Eq. (11) can be rewritten:
where C = C 1 + C 2 and H 1 (t) = q t is the first order expansion rate. We may find an expression to H 2 (t) by combining (13) with the Friedmann equation (1), yielding
where µ = G 1/2 m. This gives an upper limit to the mass: µ < . Thus, the DM particle must have a mass less than ≈ 4.67 times the Planck mass.
If we replace H 1 (t) with H 2 (t), we have a kind of back reaction effect, where the second order H 2 (t) is used for the subsequent analysis. In fact, this is equivalent to the model
where H 0 is the Hubble constant, t 0 is the Universe total age, thus we have the following relation
where T = H 0 t 0 is the total age in units of H
−1
0 . This equation relates m (or µ) and ε to H 0 and T . Thus, we have three free parameters. Once found 3 parameters from (µ, ε, H 0 , T ), the fourth parameter is determined by this equation.
From (15) we may find the acceleration as:
From this equation, one may see that a necessary condition for the existence of a deceleration phase is q > 0. Furthermore, if ε > 0 one has early acceleration, and if ε < 0, one has early deceleration, as needed. Thus, ǫ < 0 and q > 0 are conditions for this model, in such a way that we must find − 2 3 < ε < 0. From (15) one may find the scale factor to be
where τ = t t 0 is the ratio of time to total age. From this equation and using (1) and (5), the creation rate can be written as
From the Eq. (18), one can find t(z) and replace in (15) to find H 2 (z):
This can be used to constrain the free parameters through observational H(z) data. We use 28 H(z) compiled data from Farooq and Ratra [38] . By using a χ 2 statistics, where we analytically projected over H 0 , we remained with only two free parameters (ε and T ). The result of the joint analysis can be seen on Fig. 1 . As we can see on Fig. 1 , the H(z) data constrain enough the ε-T parameter space. We have found the minimum χ On Fig. (2) , we show the H(z) data along with the best fit CCDM model. As one can see the CCDM model fits well the data in agreement with the found low χ 2 min . However, while examining the parameter space m vs. ε, we have found a strong degeneracy between these parameters. Then, by marginalizing over ε, we have found a best fit for the mass of 2400 GeV, with (2.4 × 10 −3 < m < 5.4 × 10 19 ) GeV at 99.7% c.l., (1.4 × 10 −2 < m < 2.5 × 10 16 ) GeV at 95.4% c.l., and (2.8 < m < 7.7 × 10 7 ) GeV at 68.3% c.l.
While it seems to be a much loose constraint on DM mass, one should consider that we have used only one experimental data set, namely H(z) data, and we are restricted to the approximation of the particle creation effect on the Universe expansion, as explained above.
V. CONCLUDING REMARKS
In this paper we have analysed a model where a quantum process of particle creation can be responsible for the present acceleration of the universe, the so called CCDM model. Contrary to recent works where the creation rate was only phenomenologically proposed, here we have used a quantum mechanical result for the creation rate of real massive scalar particles in FRW expanding universes in order to constrain the mass of the Dark Matter particle. As far as we know, it is the first time that the results from the quantum mechanical creation process is applied to study the effects on the accelerated expansion of the universe. The quantum creation process admits self corrections to the Hubble expansion rate so that we can interpret this like a kind of back-reaction effect. Such effects could give rise to a small correction ε of the scale factor on the present matter dominated era. The best fit values found using observational results are ε = −0.25 and m = 2.4 × 10 3 GeV. With such values the model correctly presents a transition from decelerated to accelerated phase, and the particle creation rate is positive near the present epoch. It is important to note that the lower mass limit obtained by this method (∼ 10 GeV), is exactly of the same order of the values expected by experiments of dark matter detectors as DAMA (∼ 15 − 120 GeV) [39] . Different manners to take into account the self interaction of the field on the expansion rate are possible, leading to different back-reactions effects. Such studies are under investigation.
The gravitational metric is treated as a classical external field which is generally nonhomogeneous and non-stationary. A real scalar field is electrically neutral and does not couple to the electromagnetic field [24] . This guarantees that such created particles does not interact with radiation, as required for dark matter candidates.
A real scalar field φ of mass m is described in a curved space-time by the action [21-24]
where ξ is a constant parameter that characterises the coupling between the scalar field and the gravitational field and R is the Ricci scalar curvature. Two values of ξ are of particular interest: the so-called minimally coupled case, ξ = 0, and the conformally coupled case, ξ = 1/6. In terms of the conformal time η ≡ dt/a(t), the metric tensor g µν is conformally equivalent to the Minkowski metric η µν , so that the line element is ds
where a(η) is the cosmological scale factor. Writing the field φ(η, x) = a(η) −1 χ(η, x), the equation of motion that follows from the action (21) is
where the prime denotes derivatives with respect to the conformal time η, and we have used R = 6(a ′′ /a 3 + κ/a 2 ) for the Ricci scalar, with κ the spatial curvature for flat (κ = 0), open (κ = −1) and closed (κ = 1) background.
In which follows we restrict to flat and conformally coupled case, κ = 0 and ξ = 1/6. The quantisation follows by imposing equal-time commutation relations for the operator χ and its momentum canonically conjugateπ ≡χ ′ , namely [χ(η, x) ,π(η, y)] = iδ( x − y). The creation and annihilation operatorsâ ± k can be introduced when the field operatorχ is expanded asχ (x, η) = 1 2
and we find that the mode functions χ k (η) satisfy a set of decoupled ordinary differential equations [24] χ
with ω
Each solution χ k must be normalised for all times according to
and also they must satisfy the initial conditions
Since the point η = 0 is a regular point of Eqs. (24)- (25), we can set η 0 = 0. A standard Bogoliubov transformation [23, 24, 26, 29] introduce the coefficients α k and β k satisfying |α k | 2 − |β k | 2 = 1 and
The final expression for the total number density of created particles (and antiparticles) is readily obtained by integrating over all the modes,
wheren stands for the antiparticles. Similarly, the expressions for the total energy density is given by
By using the inverse transformation of the conformal time η it is possible to write the above equations as a function of the physical time t.
